The translocation of protein kinase C between membrane and cytosol has been implicated in several cellular processes (Kraft and Anderson, 1983; Wooten and Wrenn, 1984; Akers et al., , 1986 Hirota et al., 1985; Wolf et al., 1986) . We desired to identify potential trigger mechanisms underlying the translocation of protein kinase C activity to neural membranes following the synaptic plasticity observed after long-term potentiation (LTP; Akers et al., 1986) . Takai et al. (1979) have suggested an important role for calcium in protein kinase C translocation;
we have therefore studied the effects of Caz+ on both the translocation of protein kinase C activity and the in vitro phosphorylation of its endogenous substrate, protein Fl, in rat hippocampal synaptosomes. Since identical free Ca2+ levels were maintained in subsequent assays of synaptosomal membranes (SPM) and cytosol preparations, alterations in endogenous enzyme activity and in in vitro phosphorylation were due to the Ca*+ present during treatment of synaptosomes, and not to the Ca*+ present during assays of enzymatic activity. This afforded the opportunity to relate directly such enzyme translocation to endogenous substrate phosphorylation. The major findings were as follows:
1. Following treatment of synaptosomes with Ca*+, protein kinase C activity in synaptic membrane and protein Fl in vitro phosphorylation were elevated in a dose-dependent manner.
2. The greatest increment in membrane protein kinase C activity and protein Fl in vitro phosphorylation occurred when Caz+ was increased from 0.1 to 1 .O PM. Maximal levels of enzyme activity were seen following treatment with IO PM Ca2+, and minimum levels were observed following treatment with EGTA.
3. Protein Fl phosphorylation was positively correlated with the protein kinase C activity found in membranes (r = 0.869; P < 0.001).
4. Treatment with Ca*+ increased the amount of protein kinase C activity in membranes and decreased the amount of kinase C activity in the soluble fraction. The sum total of synaptic membrane and soluble protein kinase C activities Received Dec. 17, 1986; revised May 8, 1987; accepted June 11, 1987 . Special thanks to Bob Nelson for skillful assistance in the preparation of 2-dimensional gels, and for encouragement and advice throughout this study. Since after LTP, protein kinase C activity is translocated to membranes (Akers et al., 1986 ) and membrane-bound protein Fl in vitro phosphorylation is elevated , the translocation of protein kinase C to membranes, triggered by Ca*+, may account in part for the observed changes in protein kinase C and protein Fl following LTP.
Caz+/phospholipid-sensitive protein kinase C activity is most enriched in brain (Kikkawa et al., 1982) , suggesting that the enzyme plays an important role in neuronal processes (Nishizuka, 1984) . We have proposed a specific neural function for protein kinase C in adult synaptic plasticity (Routtenberg, 1985; Routtenberg, 1986) . This suggestion was based on evidence that membrane protein kinase C activity was directly related to the persistence of the synaptic enhancement following long-term potentiation (LTP) in rat hippocampus (Akers et al., 1986) . Related studies showed that protein Fl (A4, 47 kDa; IEP, 4.5) is an endogenous protein kinase C substrate Nelson and Routtenberg, 1985; Chan et al., 1986) . Protein Fl phosphorylation in vitro has been related to the persistence of LTP (Routtenberg et al., 1983 Lovinger et al., , 1986 .
The increase in membrane protein kinase C activity following LTP appears to result from a translocation of kinase activity from the cytosol to the membrane (Akers et al., 1986) .' The increase in protein Fl in vitro phosphorylation following LTP could thus result from increased membrane protein kinase C activity. Mechanisms controlling this enzyme translocation, and the relation of enzyme translocation to endogenous substrate phosphorylation, however, remain unclear.
Protein kinase C can be activated by Ca2+ and phospholipid in vitro. It has been proposed that Ca2+ may increase the affinity of the enzyme for membranes in vivo (Takai et al., 1979) , thus activating the enzyme. In essence, then, Ca2+ would regulate the amount of enzyme associated with membranes by redistributing enzyme between cytosol and membrane. Such a mechanism could operate to control protein kinase C activity and protein Fl phosphorylation during LTP in the hippocampus, where changes in Ca2+ flux have been observed following high-fre- ' We use the phrase "translocation of protein kinase activity" to include the possibility that translocation includes a shift from loosely membrane-attached to tightly membrane-bound. quency repetitive stimulation (Morris et al., 1983 
Materials
and Methods Subcellular fractionation. Hippocampi from male albino rats (Charles River) were homogenized in 0.32 M sucrose, and crude synaptosomes (P2) were prepared as described previously . P2 material was resuspended in 0.32 M sucrose. and then lvsed for 36 min at 4°C. Lysis media contained 10 mM Tris (pH 7.2), Id pg/ ml leupeptin, and a free Ca2+ buffered with 1 mM EGTA. Free Ca2+ ranged from10-8 to 1O-4 M. Free Ca2+ was calculated by the equation, K = Ca EGTA/Ca2+ EGTA.
The apparent affinity constant for EGTA at pH 7.2 and 4°C was calculated with the program described by Fabiato and Fabiato (1979) . Absolute stability constants for Ca/EGTA binding used were log K, = 10.716; log K2 = 5.33.
Lysis was also performed in a minimal-calcium lysing medium containing 10 mM Tris (pH 7.2) and 5 mM EGTA.
Following lysis, the suspension was centrifuged at 20,000 x g for 30 min. Supematants containing synaptosomal cytosol were either collected, concentrated, and dialyzed with a Millipore CX concentrating unit (for in vitro phosphorylation studies) or passed through a DEAEcellulose column (for assay of protein kinase C activity). The pellets, containing synaptosomal membranes @PM), were washed in lb0 mM Tris (pH 7.2). centrifuged at 20.000 x P for 30 min. and resusoended in 50'mM T& (pH 7.2) and 1 & EDNA. Membranes were stored at -70°C; all assays were performed within 24 hr of sample preparation.
Assay of membrane and cytosol protein kinase C activity. Protein kinase activity was partially purified prior to assay. For the determination of membrane protein kinase C activity, SPM preparations were solubilized in 0.1% Triton X-100. 10 mM Tris ~DH 7.2). 2 mM EGTA.
and 2 mM EDTA for 1 hr at 4°C. Solubilized membranes were then centrifuged at 100,000 x g for 1 hr to eliminate debris. Resulting supematants, containing solubilized protein kinase C activity, were then passed through DEAE-cellulose columns (0.5 x 0.5 cm). Following washing of the columns with 50 mM Tris (pH 7.2), 2 mM EGTA, and 2 mM EDTA, membrane protein kinase C activity was eluted with a single step of 0.15 M NaCl. Of the total recoverable phospholipid-dependent kinase activity, >95% was eluted in this fraction. These procedures minimized the presence of interfering substances during enzyme assay (Kraft and Anderson, 1983) .
To determine cytosolic protein kinase C activity in DEAE eluates, synaptosomal cytosol was obtained by first collecting the supematants resulting from lysed synaptosomes (described above). These supematants were than passed through DEAE-cellulose columns, and protein kinase C was then partially purified as described herein.
Protein kinase C activity in both membrane and cytosol was measured as the difference in kinase activity observed in the presence and absence of phosphatidylserine (PS). Protein kinase C fractions were incubated for 10 min at 30°C in 50 mM Tris (pH 7.2), 5 mM MgCl,, 0.5 mM EGTA, 0.5 mM EDTA, 1.5 mM CaCl,, 100 pg histone H 1,0.5 mM gammaJ*P-ATP (sp act, 100 cpm/pmol), & 100 &ml PS. The reaction was stopped with a saturated solution of EDTA and immediately spotted onto phosphocellulose paper. The papers were dried and counted in a Beckman LS-150 liquid-scintillation counter. All enzyme assays were linear with respect to time and protein concentration. These assay conditions, identical to those used by Akers et al. (1986) , give a free calcium concentration of 500 PM. Protein concentration was determined by a modilication of the Lowry method (Lowry et al., 195 1) .
In vitro phosphorylation assay. Protein Fl in vitro phosphorylation was determined essentially as described previously (Akers and Routtenberg, 1984) . Briefly, SPM were reacted for 10 set at 30°C in a medium containing 50 mM Tris (pH 7.2), 1 mM free Mg2+, 0.1 PM free Cal+ (buffered with 1 mM EDTA), and 50 PM gammaJ2P-ATP.
The reaction was quenched with an SDS-stop solution. Reacted protein sample was separated by SDS-PAGE.
Dried l-dimensional gels were exposed to Kodak AR x-ray film. Resultant autoradiograms were microdensitometrically scanned and analyzed with a mouse-driven IBM PC XT equipped with an IBM Data Acquistion Board. 32P-phosphate incorporation into phosphoprotein bands was machine-computed as the area under the densitometric curve minus background. Two-dimensional PAGE by isoelectric focusing and SDS molecular mass separation was preformed according to Nelson and Routtenberg (1985) .
Results
Eflect of Ca2+ on protein kinase C activity and protein FI phosphorylation in synaptosomes were observed after lysis in 10 FM free Ca*+ while lysis in EGTA produced the SPM lowest in kinase C activity and Fl phosphorylation (see Fig. 2A ). In fact, SPM protein kinase C activity was increased 2-3-fold, and protein Fl phosphorylation S-6-fold, by lysis in 10 PM Ca *+, as compared to lysis in EGTA. Lysis in 100 FM free Ca2+ decreased both kinase C activity and protein Fl phosphorylation in SPM relative to lysis in 10 MM free Ca2+, perhaps because of activation of a Ca2+-sensitive protease (Kishimoto et al., 1983) . Protein kinase C activity was directly related to protein Fl phosphorylation in synaptic membranes Two-dimensional gel-electrophoretic profiles (Fig. 2B ) of SPM in vitro phosphorylated products shown in 1 dimension in Figure  2A confirmed that the 47 kDa phosphoprotein altered by lysis in Ca*+ was indeed protein Fl. A 47 kDa, 4.5 IEP spot corresponding to protein Fl (Nelson and Routtenberg, 1985) was heavily phosphorylated following lysis in 10 PM free Ca*+, as compared to lysis in EGTA.
Subcellular redistribution of protein kinase C activity and protein FI phosphorylation
The subcellular distribution of protein kinase C activity in SPM and cytosol was determined following lysis in either EGTA or 10 /AM Ca2+. SPM protein kinase C activity, as expected, was increased by lysis in 10 FM free Ca2+ relative to EGTA-lysed SPM (Fig. 3) . Approximately 38.5% of protein kinase C activity in synaptosomes was associated with membranes lysed in EGTA, while 86.8% ofkinase C activity was associated with membranes lysed in 10 PM Ca2+.
A corresponding decrease was observed in cytosolic kinase C activity pretreated with 10 PM free Ca2+ relative to EGTApretreated cytosol (see Fig. 3 ). Moreover, the sum total of SPM and cytosol protein kinase C activities was similar in EGTAand 10 PM Ca2+-lysed groups. Differences between the EGTAand 10 MM Ca2+-lysed fractions, then, most likely resulted from a subcellular redistribution of kinase activity, rather than from changes in kinase activity due to proteolysis of enzyme or proenzyme. Figure 1 . Effect of free Ca 2+ during lysis of synaptosomes on protein kinase C activity and protein Fl in vitro phosphorylation in SPM. P2 were lysed as described in Materials and Methods to yield 8 different SPM preparations. Free Ca2+ used during lysis ranged from pCa 8 to pCa 4; the EGTA condition contained 5 mM EGTA with no added Ca*+. Each free Ca2+ used during lysis thus yielded a distinct SPM preparation. A, Protein kinase C activity was determined in SPM as described in Materials and Methods and measured as the difference in protein kinase activity seen in the presence and absence of 100 wdrnl PS. Protein kinase C activity (nmol P,lmin mg protein) is plotted here as a function of Ca*+ present during lysis. Protein Fl in vitro phosphorylation was performed as described in Materials and Methods. Briefly, reacted SPM protein was separated by SDS-PAGE. The gels were dried, exposed to x-ray film, and resultant autoradiograms were scanned with a microdensitometer.
32P Figure 2 . Analysis of SPM in vitro phosphorylation by gel electrophoresis. P2 were lysed in media containing either 5 mM EGTA or 10 PM free CaZ+, and SPM were prepared as described previously. SPM material was then phosphorylated in vitro, as described in Materials and Methods. A, Separation of SPM protein by single-dimension SDS-PAGE. B, Separation of SPM protein by 2-dimensional gel electrophoresis. A gradient of pH 3-l 0 was maintained in the first dimension, and proteins were separated by SDS-PAGE in the second dimension, as in Materials and Methods. These autoradiograms were exposed and developed for identical amounts of time.
sional gel-electrophoretic techniques revealed an absence of protein Fl staining in cytosol, and a clearly observable protein Fl stain in SPM (Fig. 4) . This is especially dramatic since 24% of the recovered cytosolic protein was loaded onto the 2-dimensional gel (25 gg protein loaded; 104 pg protein recovered), whereas just 3% of the recovered SPM protein (25 Fg protein loaded; 911 pg protein recovered) was analyzed by 2-dimensional gel electrophoresis.
Analysis of 2-dimensional gels further revealed qualitatively similar protein Fl stains from SPM lysed with EGTA or 10 FM free Ca*+ (Fig. 4) . Thus, the difference in protein Fl phosphorylation between EGTAand Ca2+-treated groups could not be explained by a significant alteration in the amount of protein Fl substrate in these preparations. 3.5 4.5 C from membrane, or, alternatively, because EGTA pretreatment prevented the activation of protein kinase C by its cofactors. To distinguish between these 2 possibilities, we incubated SPM lysed in EGTA with the protein kinase C cofactor, phosphatidylserine. PS had no effect on protein Fl phosphorylation in SPM prepared with EGTA ( Fig. 5) Efects of further Caz+ treatment on membrane protein kinase C activity in SPA4
Efects of phosphatidylserine on protein Fl phosphorylation
To assess the strength of the Ca*+-promoted attachment of protein kinase C activity with membranes, we next attempted to dissociate protein kinase C from SPM. After the elevated Ca*+ levels present during lysis promoted a strong association between kinase and membranes, it was difficult to dissolve that association with a second treatment of membranes in minimal Ca2+. Membrane kinase C activity in SPM initially lysed in 10 PM Ca2+, then subsequently treated with 0.1 or 0.01 PM Ca2+, was not decreased to control levels, but remained elevated (Table 1). In fact, the second treatment with 0. Figure 3 . Subcellular distribution of protein kinase C activity following lysis. SPM and synaptosomal cytosol were prepared as in Materials and Methods from P2 lysed in either 5 mM EGTA or 10 PM free Ca2+. Protein kinase C activity (nmol P,lmin mg protein) was determined as described in Materials and Methods. TOTAL refers to the sum of SPM and synaptosomal cytosol activities. These data are representative of 5 experiments.
-Protein Kinase C Translocation ?EMBRANE EGTA lO@l Ca++ LP----, Figure 4 . Subcellular distribution of protein Fl as analyzed by 2dimensional gel electrophoresis. SPM and synaptosomal cytosol were prepared as described in Materials and Methods, with lysis of P2 in either 5 mM EGTA or 10 pM free Ca*+. Synaptosomal cytosol protein was concentrated by lyophilization and then dialyzed with a Millipore CX concentrating unit prior to electrophoresis. Twenty-five micrograms of protein were loaded onto each isoelectrofocusing tube. Two-dimensional electrophoresis was carried out as described in Figure 3 and Materials and Methods. Proteins were separated by a pH gradient in the first dimension, and then by SDS-PAGE. Protein was stained by the silver method of Merrill et al. (1981) . Arrows point to the 4.5 IEP, 47 kDa spot corresponding to pro-EGTA tein Fl. bnk-idic virtually no effect on membrane kinase C activity as compared posed to fluctuations IOptl Ca*+ lEP---, bnic uldk in free Ca*+ levels. We reasoned that if to the effect on the group that was initially lysed in 10 PM Ca2+, and subsequently treated again with 10 PM Ca2+.
Discussion
Ca*+ regulated the amount of protein kinase C activity associated with membranes, changes in intracellular free Ca*+ would shift protein kinase C activity between membranes and cytosol without altering the total amount of protein kinase C activity. This study assessed protein kinase C activity and the phosphorySynaptosomes were thus treated in a system designed to allow lation of one of its substrates, protein Fl , in synaptosomes exmaximal Ca*+ buffering of cytosol and membrane components, EGTA P&-+ l Figure 5 . Effects of phosphatidylserine (PS) on SPM protein phosphorylation in vitro. SPM was prepared by lysis of P2 in media containing 5 mM EGTA or 10 PM free Ca*+ , as described in Materials and Methods. In vitro phosphorylation was then performed by incubating SPM (1 mg protein/ml) for 1 min at 30°C in 50 mM Tris (pH 7.2) 0.025% Triton X-100, 1 mM free Mgz+, and 0.1 PM free Ca2+ (buffered with 1 mM EDTA), rf: 100 &ml PS. GammaJ2P-ATP was then added for 10 set, and the reaction quenched as before. SDS-PAGE was performed as previously described. The resulting autoradiograms are shown here. Arrows point to phosphoprotein bands stimulated by PS.
while at the same time providing a means to separate the 2 phases. Since identical free Ca 2+ levels were maintained in subsequent assays of SPM and cytosol preparations, alterations in endogenous enzyme activity and in vitro phosphorylation were due to the Ca*+ present during treatment of synaptosomes, and not the Ca2+ present during assays of enzymatic activity. Thus, these experiments were designed to study the effects of CaZ+ on enzyme translocation only, and not on enzyme activation (Wolf et al., 1986) . We report here that Ca *+ regulates the association of protein kinase C to synaptic membranes, and in so doing controls the endogenous level of protein Fl in vitro phosphorylation. The presence of protein kinase C activity in membranes was directly related to the endogenous in vitro phosphorylation of its membrane-bound substrate, protein Fl . The changes in protein Fl phosphorylation did not appear to be due to any fluctuations in the endogenous levels of protein kinase cofactors, or to alterations in the levels of the protein Fl substrate, as detected by silver-staining of protein. The @+-induced translocation of protein kinase C activity to membranes, then, determined protein Fl in vitro phosphorylation. Synaptosomes were lysed in medta containing free Ca*+ ranging from pCa 8 to pCa 5. Followmg lysts, SPM material was obtained by centrifugatton and washed, as described in Materials and Methods. Resulting SPM pellets were then resuspended in lysis media and incubated at 4°C for 30 min (second treatment). The suspensions were then centrifuged at 20,000 x g for 30 mm and the pellets examined for protein kinase C activity, as in Materials and Methods. Protein kinase C activity is given as a percentage of the activity measured in DEAE eluates of membranes first lysed with pCa 5 and treated again with pCa 5.
While a close relationship exists between membrane protein kinase C activity and protein Fl in vitro phosphorylation, the mechanisms regulating each process are likely to be similar but not identical. For example, protein Fl in vitro phosphorylation was marginally detectable in SPM treated with EGTA, yet 39% of the total protein kinase C activity in synaptosomes was present in these membranes. The addition of PS to these EGTAtreated membranes did not stimulate protein Fl in vitro phosphorylation, but was able to stimulate the phosphorylation of other phosphoprotein bands. Thus, the phospholipid-sensitive protein kinase present in these membranes was able to phosphorylate several endogenous substrates, but not protein Fl. This observation could be explained by (1) a lower affinity of the phospholipid-sensitive kinase present in these membranes for protein Fl than for other substrates, or (2) the specific removal or inactivation with the EGTA treatment of a subtype of phospholipid-sensitive protein kinase selective for protein Fl . This latter possibility is consistent with polyacrylamide gel and cDNA evidence that several distinct phospholipid-dependent protein kinases with different molecular properties may exist in brain (Kikkawa et al., 1986; Nishizuka, 1986; Parker et al., 1986) . In addition, one or more of these subtypes may be activated by a mechanism distinct from the Ca*+-phospholipid system, i.e., by cis fatty acids (Murakami et al., 1986) .
The attachment of enzyme to membrane, promoted by Ca2+, may be partly attributed to changes in the hydrophobic nature of protein kinase C. Ca2+ increases the affinity of protein kinase C to hydrophobic phenylsepharose columns (Walsh et al., 1984; K. Murakami, unpublished observations) ; Ca2+ may thus enhance the hydrophobicity of protein kinase C, allowing association of kinase with synaptic membranes.
The evidence to date suggests that this translocation mechanism may be involved in neuronal responses requiring a more prolonged enzyme activation. For example, the translocation of protein kinase C to membranes persists for at least 1 hr after the induction of LTP in hippocampus; moreover, membrane kinase C activity is directly related to the persistence of synaptic enhancement (Akers et al., 1986) . The involvement of this kinase C translocation in the 3-d persistence of LTP and protein Fl phosphorylation (Lovinger et al., 1985 ) has yet to be studied.
* Protein
Kinase C Translocation
The present study indicates that the protein kinase C activity associated with synaptic membranes in the presence of 10 WM Ca2+ is not readily dissociable in minimal Cal+. Elevated Ca2+ levels may therefore promote a strong attachment of enzyme to synaptic membranes.
This contrasts with effects seen with inside-out ghosts derived from non-neural cells, where a strong attachment is only seen when synergistically promoted by CaZ+ and phorbol esters (Wolf et al., 1985) . The translocation of protein kinase C to membranes, regulated by Ca*+ , may play a pivotal role in neuronal activation. For example, protein kinase C activity has been associated with the regulation of ionic currents in Aplysia (DeRiemer et al., 1985) and Hermissenda (Alkon et al., 1986) , as well as in rat hippocampal pyramidal cells (Baraban et al., 1985) . Protein kinase C activity has also been implicated in processes of neural plasticity in both vertebrate (Akers et al., 1986) and invertebrate (Farley and Auerbach, 1986) systems. Since large changes in Ca2+ flux are observed following high-frequency repetitive stimulation in hippocampus (Morris et al., 1983) , it may be that Ca2+ -induced enzyme translocation increases membrane protein kinase C activity (Akers et al., 1986 ) and leads to elevation of protein Fl in vitro phosphorylation Routtenberg et al., 1985) following the neural plasticity of LTP. In view of the synaptic localization of protein kinase C (Girard et al., 1985) and protein Fl (as B-50 protein; Gispen et al., 1985) , this translocation process may occur at the synaptic terminal.
